and economical way to generate white light. In order to obtain the white UC emission, the con-
36
trolling and modification of the three (red, green, and blue) primary colors must be a need.
37
The photonic crystal is a kind of material with a periodically varying refractive index [8] , [9] .
38
The periodic varying of refractive index in the photonic crystal results in the formation of a pho-39 tonic band gap, which can control the propagation of electromagnetic waves. If the active cen-
40
ters that ordinarily emit light were embedded inside the photonic crystal, the spontaneous 41 emission from the embedded active centers will be inhibited in the region of the photonic band 42 gaps [10] - [13] . Another influence of the photonic band gap on the spontaneous emission is from 43 an enhancement of spontaneous emission near the photonic band edge [14] - [16] . Therefore, the drawn out, and the NaYF 4 : Er, Yb nanoparticles were deposited on the opal films.
76
The SEM images of opal photonic crystals were obtained on a QUANTA200 microscope.
77
TEM measurements were carried out on a JEOL 2100 transmission electron microscope oper-78 ated at 200 kV. The samples were dispersed in ethanol and then coated on the carbon-coated 79 copper grids. The transmittance spectra were measured by a HITACHIU-4100 spectrophotometer.
80
The UC photoluminescent spectra were measured on F-7000 spectrophotometer under the excita- the selected area electron diffraction (SAED, as shown in Fig. 2(b) ). tively. Fig. 3 shows the typical scanning electron microscopy (SEM) top-view images of the PC-I,
100
PC-II and RS. In all cases, the close-packed arrays of PS microspheres were observed, and their
101
(1 1 1) planes are parallel to the underlying substrates. PC-II and RS were not changed after the coating of NaYF 4 :Yb 3+ , Er 3+ , Tm 3+ nanocrystals.
109
The UC luminescence of NaYF 4 :Yb 3+ , Er 3+ , Tm 3+ nanocrystal/opal photonic crystal com-110 posites were measured under a 980 nm excitation by using the optical circuits shown in the . UC luminescence spectra (a) of PC-I/RS-I measured by using the optical circuit shown in Fig. 1(a) . UC luminescence spectra (b) of PC-II/RS-II measured by using the optical circuit shown in Fig. 1(b of PC-II and RS-II measured by using the optical circuit shown in the Fig. 1(b particle on the surface of PC-I was collected by a detector, as shown in Fig. 6(a) . In contrast, as 139 shown in Fig. 6(b comparison with that of RS-1, which is attributed to the selective and effective reflection of the 144 photonic band gap. In the previous works, various approaches were developed to increase the 145 luminescence of UC nanoparticle, such as devising core-shell structure and surface plasmon in-146 duced field enhancement of noble metal nanoparticles, etc. [18] , [19] . Although the above ap-147 proaches are effective for the UC emission enhancement, the involved experimental processes 148 are usually complicated. Here, the effective and selective reflection of photonic band gap was 149 used to enhance UC emission of nanoparticles as a novel, simple, and effective strategy. In ) are measured by using the optical circuit shown in Fig. 1(a) . (c) and (d) are measured by using the optical circuit shown in Fig. 1(b) .
addition, when UC emission spectra from NaYF 4 :Yb 3+ , Er 3+ , Tm 3+ nanoparticles on the PC-II
151
and RS-II surface were measured by using the optical circuit shown in the Fig. 1(b with that of RS-II.
159
It is well known that the UC emission intensity ðI up Þ is proportional to the nth power of the ex- was measured by using the optical circuit shown in the Fig. 1(a) , which generated a logarithm 163 straight line with slope n, as showed in Fig. 7(a) . Based on the n value, the green and red UC the PC-II sample (points c), which is attributed to the suppression of intense green UC emission.
191
We successfully achieved white upconversion emission of 
